ABSTRACT: Nicotine is harmful to many bodily systems; however, the effects of nicotine on intra-substance tendon healing remain largely unexplored. The purpose of this study was to examine the functional, structural, and biomechanical effects of nicotine on the healing of Achilles tendons in rats after an acute full-thickness injury. Sixty Sprague-Dawley rats were enrolled in this study. Half were exposed to 0.9% saline and half to 61 ng/mL of nicotine for 3 months via subcutaneous osmotic pumps. At 3 months, all rats underwent blunt full thickness transection of the left Achilles tendon and were immobilized for one week in plantarflexion. In-vivo assays were conducted prior to injury, at 21 days, and at 42 days post-injury and included the following: Functional limb assessment, passive joint mechanics, and vascular evaluation. Rats were sacrificed at 21 and 42 days for biomechanical testing and histologic evaluation. Rats exposed to nicotine demonstrated decreased vascularity, greater alteration in gait mechanics, and increased passive ROM of the ankle joint. Biomechanically, the nicotine tendons failed at lower maximum loads, were less stiff, had smaller cross-sectional areas and had altered viscoelastic properties. Histologically, nicotine tendons demonstrated decreased vessel density at the injury site. This study demonstrates that nicotine leads to worse functional outcomes and biomechanical properties in tendons. The decreased vascularity in the nicotine group may suggest an underlying mechanism for inferior tendon healing. Patients should be counseled that using nicotine products increase their risk of poor tendon healing and may predispose them to tendon re-rupture. ß
The World Health Organization estimates that almost 1.3 billion people consume tobacco products worldwide and that tobacco is responsible for nearly 5.4 million deaths per year. 1 One important ingredient in tobacco products is nicotine, which is in large part responsible for the addictive nature of tobacco. 1 Concerted international efforts and campaigns led by the Centers for Disease Control and Prevention have increased awareness about the health risks of smoking and decreased smoking rates in the United States over the last decade. 2 While smoking rates have declined, the consumption of nicotine products has in fact risen 3 as e-cigarettes and similar products are marketed as safer alternatives to tobacco consumption. Particularly in the youth and young adult populations, the use of nicotine has increased at an alarming rate. 4 Between 2011 and 2015, high school students saw a 900% increase in nicotine e-cigarette consumption. 4 In fact, use of nicotine-only products now surpasses cigarettes, cigars, chewing tobacco, and hookahs combined in younger adults. 4 As such, the burden of disease from nicotine is high and measures to curb its use are necessary.
Nicotine has been repeatedly demonstrated as a carcinogenic agent with adverse health effects on the cardiovascular, gastrointestinal, respiratory, immune, and reproductive systems. From a musculoskeletal perspective, nicotine has been shown to delay fracture union, impair ligament healing, and accelerate degeneration of intervertebral discs in the spine. [5] [6] [7] Given the high incidence of nicotine consumption and its multitude of adverse effects, counseling against nicotine use can serve as an important clinically modifiable risk factor to improve health outcomes.
Despite the ample evidence demonstrating the various negative effects of nicotine, literature describing its impact on tendon healing is lacking. Previous studies have suggested that nicotine delays the healing of tendon to bone 8 but the effects of nicotine on intrasubstance tendon healing remain largely unexplored. Basic science studies have also suggested that nicotine alters the material properties of tendons, 9 but a change in function correlating to the these altered material properties is unknown.
The purpose of this study was to investigate the functional, structural, and mechanical effects of nicotine on tendon healing after full thickness injury of the Achilles tendon in a rat, compared to a nonnicotine control group. Functionally, we hypothesized that nicotine would lead to a greater alteration in gait mechanics and decreased use of the injured limb. Structurally, we hypothesized that nicotine would lead to decreased vascularity and a histologically less organized healing response. Mechanically, we hypothesized that nicotine would lead to decreased maximum load to failure, decreased modulus, decreased stiffness and altered viscoelastic properties.
MATERIALS AND METHODS

Study Design
Prior to the commencement of the study, Institutional Animal Care and Use Committee (IACUC) approval was obtained. We used 60 adult male Sprague-Dawley rats weighing 400-450g (Charles River Laboratories, Inc, Devault, PA) between 10 and 13 weeks of age in this study. Rats were housed in a conventional facility with 12-hour light-dark cycles and fed standard rat chow ad libitum. After arrival to the facility, the rats were allowed a one week acclimation period. They were then randomized to receive either 0.9% saline (n ¼ 30) or 61 mg/mL of nicotine (Nicotine, N3876, Sigma-Aldrich, St. Louis, MO, n ¼ 30) at a rate of 2.5 mL/h through subcutaneously implanted osmotic pumps (2ML4; Alzet, Cupertino, CA). The nicotine dose was based on the concentration observed in heavy smokers (1-1.5 packs per day) and users of high-nicotine content e-cigarette liquids, as well as reported concentrations in previous studies, in order to create a predisposed condition within the tendon tissue prior to injury. [9] [10] [11] To confirm an appropriate exposure to nicotine, serum levels of cotinine, a metabolite of nicotine, were measured before pump implantation and every four weeks thereafter. Cotinine levels were assessed using Enzyme-linked Immunosorbent Assay (ELISA, EA100902, Origene, Rockville, MD) at a light wavelength of 450 nm. Rats were exposed to either saline or nicotine for 3 months (Fig. 1 ) and underwent osmotic pump exchanges every 4 weeks when the osmotic pumps had fully eluted. At 3 months, all rats underwent full thickness blunt transection of the left Achilles tendon ( Fig. 2A and B) and casting in plantarflexion for 1 week, similar to previously described. 12 Regular assessment of perfusion to the toes was performed while the rats were casted. Casts were inspected daily and replaced or patched with polymethylmethacrylate as needed based on damage from chewing or noticeable swelling. Casts were all removed and replaced at post-op day two to inspect the underlying surgical wound and skin. Rats continued to be exposed to either saline or nicotine post-injury until time of euthanasia. Half the animals from each group were humanely euthanized at 21 days and the remaining half at 42 days post-injury using carbon dioxide inhalation. At no time were there any obvious differences in animal health, activity, feeding, etc. nor were there any surgical complications attributed to nicotine treatment. At the time of sacrifice, the left Achilles tendons (n ¼ 5 per group per time point) were immediately dissected, fixed in formalin, and processed for histologic analysis. The remaining animals (n ¼ 10 per group per timepoint) were frozen at À20˚C and thawed for dissection at the time of mechanical testing.
Contrast Enhanced High Frequency Ultrasound
In vivo ultrasound was used to assess the vascular status of the left Achilles tendons. Twenty rats (n ¼ 10 saline-exposed, n ¼ 10 nicotine-exposed) underwent contrast enhanced ultrasound immediately prior to injury, 21 days post-injury, and 42 days post-injury. Only rats that were designated for euthanasia at 42 days underwent in vivo assays so that these longitudinal measures would be made throughout the full time course of the study.
Animals were anesthetized using isoflurane, hair was removed from the left hindlimb, and a tail vein catheter was inserted for contrast injection. The rat's ankle was held at 90˚of flexion and the animal was placed on a heated mat for the duration of imaging. A 21 MHz center frequency ultrasound transducer (MS250, VisualSonics, Toronto, ON) was used in brightness mode. Using the calcaneus as a centering guide, the probe was aligned with the long axis of the Achilles tendon. A focal depth of 7 mm and total image depth of 12 mm were used when imaging the tendon. During image capture in nonlinear contrast mode, a frame rate of one fps and contrast gain of 35 dB were used. 100 mL of microbubble contrast agent (Definity, Lantheus Medical Imaging, Billerica, MA) was injected through the tail vein catheter and was flushed by 200mL of saline. The inflow and outflow of contrast through the tendon was recorded. After imaging, the catheter was removed, and the animal was placed under a heat lamp for recovery.
The VevoCQ (VisualSonics, Toronto, ON) program was used to analyze the data. Motion artifact was removed and two regions of interest (ROIs) were identified, one including the complete tendon, the other at the site of injury (Fig. 3) . Each frame of the clip was used to quantify the perfusion of the microbubble contrast. Using linearization, the video data was converted into echo-power data, which directly correlates to the contrast concentration. These data were then processed using a curve-fitting algorithm for a parametric perfusion model as a function of time.
Each ultrasound parameter was measured for both the tendon and the injury site-the two ROIs described above. Circular standard deviation (CSD) and degree of echogenicity were used as parameters for assessing alignment. Increased CSD corresponds to lower structural organization of the fibers, while increased echogenicity corresponds to greater structural organization. Perfusion parameters were also derived, including rise time, wash-in rate, and wash-in area under the curve ( Supplementary Fig. S1 ), as previously described. 13, 14 We report Wash-in Area Under the Curve (AUC) rather than overall (wash-in and wash-out) AUC in order to eliminate the variability introduced by venous AUC. Algorithmic calculation of venous AUC is based on extrapolated data, not measured data as is arterial AUC. As such, venous AUC data is considered unreliable, and we do not report Wash-out parameters. All parameters were normalized to pre-injury values.
Quantitative Ambulatory Assessment
Rats were video-recorded as they walked across an instrumented walkway equipped with load cells. Data from the load cells were used to measure ground reaction forces (rate of loading, braking force, propulsion force). Data from the video clips were used to measure speed and stride length. 15 Measurements were taken immediately prior to injury, 21 days post-injury, and 42 days post-injury. Parameters were averaged across walks on a given day and measurements were adjusted by animal body weight for each day. All parameters were normalized to pre-injury values.
Passive Joint Mechanics A custom device was used to measure passive range of motion (ROM) and stiffness, as previously described. 16 After being anesthetized with isoflurane the rat's left hindlimb 
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was secured into a rotating clamp at 90˚of ankle flexion. The knee was stabilized manually to isolate tibio-talar motion and the ankle was rotated through the full range of dorsiand plantar flexion three times. The average of three values for dorsi-and plantar flexion was used to compute the range of motion. Joint stiffness was calculated in both the toe and linear regions of dorsi-and plantar flexion. Measurements were recorded immediately prior to injury, 21 days postinjury, and 42 days post-injury. All parameters were normalized to pre-injury values.
Tendon Histology
Achilles tendons (n ¼ 5 per group, per time point) were harvested at time of euthanasia, fixed in formalin and processed using standard paraffin techniques. After embedding, 7 mm sagittal sections were collected and stained with Hematoxylin and Eosin (H&E). Histological analysis was performed to assess cell shape and cellularity at the injury site. The injury site was defined as the central portion of the fibrous scar tissue.
Three blinded graders evaluated cell shape and cellularity using a semi-quantitative method. Magnification of 200X was used to image the specimens. A custom grading scale was created as previously described. 17 Briefly, images were blinded and arranged in order for each histologic property (e.g., for cell shape, images were arranged from most spindle-shaped to roundest). A representative image was selected for each grade of 1, 2, and 3 for cell shape and cellularity, rather than using descriptive terminology to select grades. The images were then randomly organized and blinded prior to being sent to the graders. Each grader compared each histologic image with the preselected representative images and assigned the appropriate grade, as described previously. 17, 18 Circular standard deviation of collagen fibers was determined by images taken with a polarizing microscope and analyzed with custom software as described previously. 18 Vessel density analysis was performed on H&E images taken at a 25X magnification, encompassing a large region of the injury site. Images were blinded and vascular structures were counted using ImageJ (NIH, version 1.48v) Cell Counter command and were normalized to the tissue pixel area of the ROI. Data from two ROIs were averaged to create a single data point for each specimen.
Tendon Mechanics
The Achilles tendons (n ¼ 10 per group, per time point) underwent mechanical testing as described previously. 19, 20 Briefly, all tendons were removed en bloc and grossly stripped of skeletal muscle tissue. The tendons were then finely dissected under a stereomicroscope (Leica Microsystems, Inc. Buffalo Grove, IL) to remove any remaining non-tendinous connective tissue. Verhoeff's stain was used to create dots on the tendon for optical strain tracking. Using a custom laser device, the crosssectional area (CSA) of the tendons was measured. Specimens were then prepared for mechanical testing by potting the foot in polymethylmethacrylate and attaching sandpaper proximally. Custom fixtures were used to secure the bone-tendon units in a physiologic orientation into a fatigue testing machine (ElectroPuls E3000, Instron, Norwood, MA). Specimens were submerged in a phosphate buffered saline bath maintained at 37˚C to mimic physiologic conditions. The specimens then underwent the following protocol: Ten cycles of preconditioning, stress relaxation for 10 min at 5% strain, and ramp to failure at 0.1% strain/second. A camera (102F, Basler, Exton, PA) and 200 mm lens (Micro-NIKKOR AF, Nikon. Melville, NY) were used to record images at one frame per second. From these images, the stained regions were tracked to the time of tendon rupture using a custom code (MATLAB, Mathworks, Natick, MA). Data from biomechanical testing were used to calculate stiffness, percent relaxation, maximum load, maximum stress and modulus. Any tendons that did not fail physiologically (e.g., at the grip where stress is concentrated) were excluded from calculation of maximum load to failure and maximum stress.
Statistics
The Shapiro-Wilk test was used to assess the data sets for normality. Outlier data points, defined as values falling outside two standard deviations from the average of the group, were identified and excluded. One tailed, Student's ttest was used to compare between the groups at each of the three time points. One-tailed Mann-Whitney tests were used for histologic comparisons due to non-parametric data. No comparisons across time were made. The level of significance was set at p < 0.05. Trends were defined as p-values between 0.05 and 0.1. Data were plotted using Prism (GraphPad Software
RESULTS
Serum Cotinine Levels
No detectable levels of cotinine were found prior to implantation of the osmotic pumps in either group. Sequential measurement of cotinine levels demonstrated an appropriate rise in the nicotine group to a target range of 400-700 ng/mL ( Supplementary Fig. S2 ), as determined by previous epidemiological studies. 21 Contrast Enhanced High Frequency Ultrasound CSD and echogenicity, which are indicators of alignment, were compared and no differences were found between the saline and nicotine groups at any time point for either ROI (Fig. 4A and B) .
Rise Time (RT) and Wash-in Rate (WiR) were used as measures of the speed of contrast inflow. At 21 days, the nicotine group demonstrated an increase in RT in the tendon (p ¼ 0.001) and injury site (p ¼ 0.045). At 42 days, the RT trended toward an increase in the tendon (p ¼ 0.07) and injury site (p ¼ 0.096) (Fig. 5A) . WiR was decreased in the nicotine group at 21 days in the tendon (p ¼ 0.03) and injury site (p ¼ 0.02). It remained decreased in the nicotine group at 42 days in the tendon (p ¼ 0.03) and injury site (p ¼ 0.04) (Fig. 5B) .
Wash-in Area Under the Curve (WiAUC) was used as a measure of the volume of contrast inflow. WiAUC was increased in the nicotine group at 21 days in the tendon (p ¼ 0.03) and injury site (p ¼ 0.04). WiAUC was also increased in the nicotine group injury site (p ¼ 0.02) at 42 days (Fig. 5C ).
Quantitative Ambulatory Assessment
The nicotine group demonstrated decreased rate of loading (p ¼ 0.01) (Fig. 6A) , decreased braking force (p < 0.001) (Fig. 6B) , increased propulsion force (p < 0.001) (Fig. 6B) , and decreased anterior-posterior stride width of the injured left hindlimb (p ¼ 0.03) at 21 days (Fig. 6D) .
At 42 days, the nicotine group demonstrated continued decrease in braking force (p < 0.001) (Fig. 6B) , continued increase in propulsion force (p ¼ 0.005) (Fig. 6B) , and continued decrease in anterior-posterior stride width (p ¼ 0.03) (Fig. 6D) . The nicotine group also demonstrated decreased speed of the injured left hindlimb (p ¼ 0.008) (Fig. 6C ) and increased mediallateral stride width (p ¼ 0.002) at 42 days (Fig. 6D) .
Passive Joint Mechanics
At 21 days, the nicotine group demonstrated increased total passive ROM (p ¼ 0.006) (Fig. 7A) , decreased dorsiflexion linear region stiffness (p < 0.001) (Fig. 7B) , and decreased plantar flexion linear region stiffness (p < 0.001) (Fig. 7C) .
At 42 days, the nicotine group demonstrated increased total passive ROM (p < 0.001) (Fig. 7A) , decreased dorsiflexion toe (p ¼ 0.003) and linear (p < 0.001) region stiffness (Fig. 7B) , and decreased plantar flexion toe region stiffness (p ¼ 0.005) (Fig. 7C) . 
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Tendon Histology
Grading of histologic images revealed no difference in cellularity or cell shape between the two groups at either 3 or 6 weeks ( Fig. 8A and B) . Additionally, there were no differences in collagen alignment between groups at either post-operative time point (Fig. 8C) . However, nicotine tendons contained significantly fewer vascular structures at the injury site than the saline group at 3 weeks, and this difference remained as a trend at 6 weeks (Fig. 8D ). Representative images of ROI used for cell characteristics grading are shown in Figure 9 .
Tendon Mechanics
At 21 days, the nicotine group demonstrated increased maximum stress (p ¼ 0.02) (Fig. 10F) . At 42 days, the nicotine group demonstrated decreased cross sectional area (p < 0.001) (Fig. 10A) , decreased maximum load (p ¼ 0.02) (Fig. 10B ), decreased stiffness (p ¼ 0.01) (Fig. 10D) , and decreased stress relaxation (p ¼ 0.02) Vessel density was significantly decreased in the nicotine group at three weeks, and trended toward decreased in the same group at 6 weeks post-injury. In A and B, bars denote median score, whiskers denote maximum to minimum grading score range, and boxes denote inter-quartile range (25-75%). In C and D, data is presented as mean AE standard deviation. Significant differences are indicated by a solid horizontal line, and trends are indicated by a hashed horizontal line.
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( Fig. 10E ). No differences in modulus were found at either timepoint (Fig. 10C) . Two tendons each from the saline and nicotine group failed at the grip at the 42 day timepoint and were excluded from maximum load and maximum stress calculations. The remaining tendons failed at the site of injury.
DISCUSSION
Clinical and basic science research has well established the harmful effects of nicotine on an individual's health. In tendon specifically, nicotine has been shown to be detrimental in tendon-to-bone healing. 8 However, the effects of nicotine on intra-substance tendon healing remain largely unknown. Tendon healing normally occurs by fibrovascular bridging rather than tendon regeneration, resulting in structural and mechanical properties inferior to the original tissue. 22 As such, it is paramount that factors that further weaken the tendon be discovered and targeted as modifiable risk factors in the clinical setting. The primary focus of this study was to determine whether nicotine was one such factor that causes inferior tendon healing. Overall, our results suggest that nicotine leads to inferior functional, vascular, and biomechanical properties in tendon healing. Contrary to our hypothesis, we did not find differences in the structural organization of tendon fibers between the two groups, as revealed by the comparable CSDs and echogenicity levels on ultrasound. Similarly, histologic analysis also revealed no significant differences in cellularity, cell shape, or collagen fiber alignment. Overall, tendons from both groups demonstrated marked cellularity and rounding of tenocytes, consistent with previous literature. 23 Given that there was no difference in cellularity or cell shape, the equivalent collagen fiber alignment between groups suggests that maturation of the healing tendon is not delayed in the nicotine treated group. Instead, the effects appear to be simply due to less tissue formation. This may be because cells in the nicotine group are less metabolically active and producing less extracellular matrix.
The contrast ultrasound data reveals the negative effects of nicotine on blood supply to the tendon. The higher RT and lower WiR in the nicotine group at 21 days reveals that nicotine inhibits vascular inflow rate during early healing. Furthermore, the WiR remains significantly low at 42 days, suggesting continued vascular insult from nicotine during late healing. Quantitation of vascular structures in histologic sections also demonstrated a negative effect of nicotine on the vascular response to injury.
The WiAUC is increased in the tendon and the injury site at 21 days, but only at the injury site at 42 days. This suggests that while the rate of inflow of blood is compromised, as discussed above, the rats are able to compensate by increasing the total volume of blood flow. However, this compensation only occurs during early healing. With continued nicotine exposure and vascular insult, the volume of blood flow to the tendon also diminishes, as the rat is no longer able to physiologically compensate. Interestingly, while the tendon as a whole has decreased vascular supply during late healing, the injury site is still able to compensate to some degree, as represented by the increased WiAUC at the injury site at 42 days. When overall blood flow to the tendon is limited by nicotine, the body diverts it to where it is needed most-the injury site within the tendon. This suggests that healing in the nicotine group is incomplete and requires continued metabolic expense to promote blood flow and healing. Clinical literature reveals that nicotine impairs vascular supply by inducing vasoconstriction through a-adrenergic receptors, by causing endothelial dysfunction through oxidative stress, and by increasing thrombus formation through greater platelet adhesion. [24] [25] [26] [27] Our results are consistent with these data, and the decrease in vascular supply may present an underlying mechanism of how nicotine leads to inferior tendon healing.
Quantitative ambulatory assessment demonstrates that nicotine leads to greater functional impairment in the injured limb, as represented by decreased braking force, decreased rate of loading, decreased stride length, and decreased speed of the injured hindlimb. These changes occur in early healing but persist during late healing, suggesting long-term impairment incurred by the nicotine. Interestingly, nicotine led to increased propulsion force at both timepoints, even though braking force was decreased. Perhaps this represents a difference in tendon function between concentric muscle contraction (plantarflexion during toe off) and eccentric muscle contraction (dorsiflexion after heel strike), with the eccentric contraction being affected more by inferior tendon healing, as has been suggested. 28 It is also important to note that nicotine plays a role in the modulation of nociceptive stimuli and may lead to increased pain sensitivity. 29, 30 As such, the alteration in gait mechanics in the nicotine rats may be a reflection of an increased pain response.
Passive joint mechanics testing reveals that nicotine leads to an overall decrease in ankle stiffness and increased passive ROM globally, both during early and late healing. Nicotine's vasoconstrictive properties are well known 24 and our ultrasound data confirms that nicotine hinders blood flow in tendons. Furthermore, our biomechanical data reveal that nicotine leads to decreased cross sectional area of the injured tendon (i.e., less scar formation at the injury site), in concordance with previous literature. 31 Data suggest that nicotine results in less hypertrophic scar and keloid formation, as well as decreased proliferation of myofibroblasts in post-surgical scars. [32] [33] [34] As such, a link between nicotine, decreased blood flow, and decreased scar formation can be made. The increased ROM of the ankle joint can be explained by this diminished fibrotic response in the nicotine-exposed rats.
Mechanical testing reveals that nicotine leads to inferior viscoelastic and biomechanical properties. Exposure to nicotine reduced the maximum load by 44.7%, stiffness by 35.0%, and stress relaxation by 14.4% during late healing. The reduced stiffness may lead to greater elongation of the tendon and therefore lead to greater functional impairment. Furthermore, the decreased failure load may predispose patients to re-rupture their tendons. Given that nicotine exposure already increases the risk of wound complications after surgical tendon repair, 35, 36 re-rupture is particularly problematic as future surgical therapy in that patient population would be at high risk for complications. Importantly, the equivalent modulus, coupled with the equivalent collagen fiber organization discussed above, further reinforces that the overall maturity of the healing tissue does not necessarily differ between groups, and that differences between the groups are a matter of quantity, not quality or material properties.
Interestingly, the nicotine tendons demonstrate increased maximum stress at 21 days post-injury. This may be because the rats are able to compensate during early healing, as suggested by the increased blood volume at that timepoint discussed above. It also may explain why the nicotine group did not demonstrate NICOTINE IMPAIRS TENDON HEALING inferior mechanical properties in any parameter during early healing. Furthermore, maximum stress is inversely related to CSA. As such, the nicotine tendons may have experienced greater maximum stress at 21 days due to a smaller CSA-a result of a weaker fibrotic response due to compromised vascularity, as discussed above.
While nicotine may have direct local effects on tendon healing, it can also have indirect effects through the modulation of cytokines and chemokines, given that nicotine consumption is a systemic disease. Previous literature has suggested that nicotine downregulates the expression of growth factors like VEGF, PDGF, TGF-b1 and TGF-b2 but has a less significant effect on inflammatory markers like TNF, IL-6 and IL-12. 37 The downregulation in growth factors, coupled with the decreased vascularity, could explain the decreased quantity of tissue formation in the healing tendons. The less significant effects of nicotine on inflammatory mediators may explain why maturation of healing tissue is affected less, as suggested by our CSA and structural organization data from US and histology above.
Our study has several limitations. Firstly, our experiment involves the use of an animal model that may not completely reflect the clinical presentation in humans. Nonetheless, it is important to note that animal models allow control of more variables including activity level, sex, genetic background, and, in this case, precise exposure to nicotine. In addition, our study focuses on the effects of heavy nicotine use but does not evaluate the effects of light nicotine consumption. More studies with gradations in nicotine dose are needed to determine whether a dose-dependent response exists. Furthermore, our study examined tendon healing only up to 42 days post-injury. Perhaps more healing occurs at later timepoints or perhaps the detrimental effects persist. A study with more timepoints that followed rats for greater than 42 days would be valuable. Our study employed surgical transection of the Achilles tendon to create an injury. This may not mimic degenerative tendon tears seen clinically, and may be more akin to acute traumatic tears. Furthermore, all rats used in our study were male. Our lab has previously shown that gender plays an important role in creating differential tendon properties. 38 As such, the effects of nicotine on tendons may be different in female rats. Some assay specific limitations also exist. For instance, our histologic analysis was limited by its semi-quantitative methodology and our mechanical testing was limited by tendons that failed at the grip, as discussed above.
In conclusion, our study reveals the detrimental effects of nicotine on tendon healing, suggesting decreased tissue formation and decreased vascularity as potential mechanisms for inferior healing. Future studies are needed to assess whether cessation of nicotine exposure prior to treatment would allow tendons to heal better than if the subjects had continued to expose themselves to nicotine. This would provide evidence supporting the use of clinical interventions to help patients quit nicotine use prior to undergoing treatment for tendon injuries.
AUTHORS' CONTRIBUTIONS
ANC contributed to research design, surgical procedures, data acquisition, analysis, interpretation, drafting of manuscript. JBN contributed to data acquisition, analysis, and interpretation. JFBP contributed to analysis and interpretation. SNW and CAN contributed to surgical procedures and data acquisition. DJG contributed to research design and data acquisition. DCF contributed to research design, critical review, and interpretation. LJS contributed to research design, critical review, interpretation, and manuscript preparation. All authors have read and approved the final manuscript for submission.
